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The bic locus is a common retroviral integration site in avian leukosis virus (ALV)-induced B-cell lympho-
mas originally identified by infection of chickens with ALVs of two different subgroups (Clurman and Hayward,
Mol. Cell. Biol. 9:2657–2664, 1989). Based on its frequent association with c-myc activation and its preferential
activation in metastatic tumors, the bic locus is thought to harbor a gene that can collaborate with c-myc in
lymphomagenesis and presumably plays a role in late stages of tumor progression. In the present study, we
have cloned and characterized two novel genes, bdw and bic, at the bic locus. bdw encoded a putative novel
protein of 345 amino acids. However, its expression did not appear to be altered in tumor tissues, suggesting
that it is not involved in oncogenesis. The bic gene consisted of two exons and was expressed as two spliced and
alternatively polyadenylated transcripts at low levels in lymphoid/hematopoietic tissues. In tumors harboring
bic integrations, proviruses drove bic gene expression by promoter insertion, resulting in high levels of
expression of a chimeric RNA containing bic exon 2. Interestingly, bic lacked an extensive open reading frame,
implying that it may function through its RNA. Computer analysis of RNA from small exon 2 of bic predicted
extensive double-stranded structures, including a highly ordered RNA duplex between nucleotides 316 and 461.
The possible role of bic in cell growth and differentiation is discussed in view of the emerging evidence that
untranslated RNAs play a role in growth control.

The proto-oncogene c-myc plays a critical role in the devel-
opment of lymphomas in birds and mammals (16, 48). Exper-
iments in both the murine and avian systems indicate that
activation of c-myc alone is not sufficient for full malignancy. In
Em-c-myc transgenic mice, monoclonal lymphomas develop
only after a variable and relatively long latency (2), suggesting
that additional genetic alterations besides c-myc are required
to induce full-blown lymphomas. Consistent with this notion,
c-Myc (or the viral homolog v-Myc) is able to cooperate with a
number of other proto-oncogene products in lymphomagen-
esis in rodents (1). These include the nuclear protein Bmi-1
(26, 27, 71), Ras G protein (3, 40, 60), the serine/threonine
kinases Pim-1 (70, 72) and Raf (40), the nonreceptor protein-
tyrosine kinase Abl (28, 41), and the mitochondrial membrane
protein Bcl-2 (45, 62, 63).
In birds, studies of avian leukosis virus (ALV)-induced lym-

phomas have provided strong evidence for the requirement of
multiple genetic events in lymphomagenesis. The development
of avian lymphoid leukosis is believed to follow an orderly
progression through three distinct clinical stages (15, 49). (i)
Transformed follicles, which are hyperplastic follicles consist-
ing of abnormally proliferating lymphoblasts, appear within 4
to 8 weeks postinfection, and an estimated 10 to 100 trans-
formed follicles can be found in a single bursa. (ii) From 10 to

14 weeks postinfection onwards, macroscopic tumor nodules
appear in the bursa. If present at all, they occur either singly or
rarely as a pair in any one bursa. Most of the other transformed
follicles regress along with other elements of the bursa. (iii)
Finally, about 4 to 8 months postinfection, metastasis occurs
from the bursa to visceral organs, predominantly the liver,
resulting in massive lymphomatosis and death of the host.
Integrations at the c-myc locus are found at similar high

frequencies in primary (bursal) and metastatic tumors (29), as
well as in transformed follicles (20). Thus, insertional activa-
tion of c-myc appears to be an early event in avian lymphoid
leukosis. Transplantation of 18-day embryonic bursal cells in-
fected in vitro with HB-1, an avian retrovirus carrying a re-
combinant myc, into embryos with chemically ablated bursal
follicles results in the formation of transformed follicles within
the reconstituted bursae (47, 66), implying that c-myc activa-
tion is sufficient for the generation of transformed follicles.
Transformed follicle formation, however, is necessary but not
sufficient for development of avian leukosis (6). In the bursal
reconstitution system, only a portion of the transformed folli-
cles generated by in vitro HB-1 infection progress to form
bursal lymphomas with a relatively long latency (66). These
observations strongly imply that additional genetic events be-
sides c-myc activation are necessary for a fully malignant state.
To identify the genetic events necessary for inducing tumor

progression in ALV-induced lymphomas, Clurman and Hay-
ward (14) used a double-infection protocol designed to in-
crease the incidence of multiple insertional mutations. This
protocol involved sequential infection of chickens with ALV of
two different subgroups. Twelve-day chicken embryos were
first infected with UR2AV9, a subgroup A ALV, and were
subsequently infected with RAV-2, a subgroup B ALV, 14 days
after the initial infection. The use of ALVs of two different
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subgroups enabled superinfection to occur. The time span be-
tween these two infections facilitated a second insertional mu-
tagenesis event by allowing clonal expansion of cells which
have sustained the first mutational event, for example, c-myc
activation, upon the initial infection. Using this approach, a
novel common retroviral integration site, termed bic, was iden-
tified. Proviral integrations at the bic locus are found fre-
quently in conjunction with c-myc activation and the frequency
of bic integrations is higher in metastatic tumors than in pri-
mary tumors (14), suggesting that proviral integrations at bic
activate a cellular gene that can collaborate with c-myc in
lymphomagenesis and that is involved in late stages of tumor
progression in these lymphomas.
In the present study, we describe the isolation of a novel

gene that appears to be expressed specifically in lymphoid/
hematopoietic tissues. Its expression is activated by promoter
insertion at the bic locus. Interestingly, it lacks an extensive
open reading frame (ORF) and is predicted to form strong
secondary structures. The possibility that bic acts as a novel
myc collaborator by functioning as a noncoding RNA is dis-
cussed in view of the emerging role of untranslated RNAs in
cell growth and tumorigenesis.

MATERIALS AND METHODS

Chicken tumors. Chicken tumors analyzed in this study were generated from
the double infection experiments described previously (14). 465L and 705L are
metastatic lymphomas in livers (L) from birds 465 and 705, respectively. 451Sp is
a metastatic lymphoma in spleen (Sp) from bird 451. Tumors 465L, 705L, and
451Sp all contain proviral integrations at bic and c-myc. 429L, 420L, and 708L are
metastatic lymphomas in livers from birds 429, 420, and 708, respectively. Tu-
mors 429L, 420L, and 708L do not harbor proviral integrations at bic. 429L,
however, contains a c-myc integration; 420L and 708L have c-myb integrations.
Genomic cloning and restriction mapping. A genomic library from BglII-

digested DNA from normal chicken erythrocytes (RBC) was prepared as follows:
chicken RBC DNA was digested to completion with BglII and size fractionated
on a 10 to 40% sucrose gradient. Fractions containing DNA of sizes 15 to 20 kb,
which hybridized strongly to the 1.6-kb PvuII-EcoRI (PR) genomic probe (14) on
Southern analysis, were pooled and ligated to l DASHII arms doubly digested
with BamHI and HindIII (Stratagene) and packaged by using Gigapack II Gold
packaging extracts (Stratagene). About 60,000 plaques were screened with the
PR probe. One positive clone (l20.9; see Fig. 1a) was isolated and was restriction
mapped by partial digestion of the l insert by using a variety of restriction
enzymes.
Northern blot analysis. Total RNA was extracted from tissues by using RNA-

zol B (Biotecx Laboratories, Inc.), which is modified from a single-step guani-
dinium isothiocyanate procedure for RNA isolation (11). Polyadenylated RNA
was selected from total RNA by affinity chromatography on oligo(dT) columns.
Total RNA (20 mg) or poly(A)1 RNA (1 to 5 mg) was electrophoresed in 1.2%
agarose–6% formaldehyde in 0.2 MMOPS, 5 mM sodium acetate, 1 mM EDTA,
pH 7.0, and transferred to nitrocellulose (Schleicher & Schuell, Inc.). Nitrocel-
lulose filters were hybridized under stringent conditions to radioactively labeled
DNA or RNA probes. For hybridization to DNA probes, filters were prehybrid-
ized for 2 to 3 h in a solution containing 50% formamide, 53 SSC (13 SSC is
0.15 M NaCl plus 0.015 M sodium citrate), 53 Denhardt solution, 1% sodium
dodecyl sulfate (SDS), and 100 to 200 mg of sonicated salmon sperm DNA per
ml at 428C and hybridized overnight under the same conditions to 23 106 to 43
106 cpm of 32P-labeled random-primed DNA probes per ml. Blots were then
washed twice for 15 min at room temperature in 23 SSC–0.5% SDS and twice
for 15 min at 558C. A final wash was performed at 608C for 30 min in 0.13
SSC–0.1% SDS. For hybridization to RNA probes, filters were prehybridized and
hybridized in a solution containing 50% formamide, 63 SSC, 1% SDS, 0.1%
Tween 20, and 100 mg of tRNA per ml at 558C and hybridized overnight under
the same conditions to 2 3 106 to 4 3 106 cpm of 32P-labeled RNA probes per
ml generated in vitro from linearized plasmids. Blots were washed twice for 30
min at room temperature in 13 SSC–0.1% SDS and 30 min at 658C in 0.13
SSC–0.1% SDS. Genomic fragments isolated from p415LNC (14) (see Fig. 1a)
and subclones of l20.9 were used as probes in Northern analysis. Probes A, B, C,
D, E, F, G, H, I, J, K, and 1.9 X-B (see text and Fig. 1a) correspond to the
following restriction fragments, respectively: 0.5-kb XbaI-HincII; 0.4-kb HincII-
PstI; 0.6-kb PstI-BamHI; 0.6-kb BamHI-EcoRI; 0.9-kb EcoRI-XbaI; 0.6-kb XbaI-
SacI; 2.6-kb BglII; 1.4-kb BglII; 1.4-kb EcoRI-BamHI; 0.7-kb BamHI-XbaI;
1.8-kb SacI; and 1.9-kb XbaI-BamHI. Probes A, B, C, D, E, F, I, and J were used
in the form of RNA probes, and probes G, H, and K were used as DNA probes.
The bic cDNA probe used in Fig. 4a was a 0.8-kb artificially constructed bic
cDNA spanning bic exon 1 and exon 2a.

cDNA cloning. The tumor cDNA library was custom prepared from 5 mg of
poly(A)1 RNA from lymphoma 705L by Invitrogen (San Diego, Calif.). A total
of 5 3 105 clones were screened with probes A, B, and C (see Fig. 1a) by using
standard procedures. Briefly, the bacteria were plated onto 10 15-cm L-broth
agar plates containing 50 mg of ampicillin per ml and 25 mg of tetracycline per ml,
grown overnight at 378C, and overlaid with nitrocellulose filters. Duplicate filters
were made for each plate. The bacterial colonies were lysed by wetting the filters
in 0.5 M NaOH–1.5 M NaCl for 5 min followed by neutralization in 1.5 M
NaCl–0.5 M Tris (pH 7.4) for 5 min. The filters were finally wetted in 23 SSC
and baked for 2 h in a vacuum oven after air drying. Prehybridization and
hybridization of the filters were as described previously (42). The lgt10 spleen
cDNA library was purchased from Clontech (Palo Alto, Calif.). A total of 23 106

recombinant phages were screened with either probe A or probe C. Library
screening was performed as recommended by the manufacturer with RNA
probes generated by in vitro transcription. Briefly, the phages were plated onto
50 15-cm L-broth agar plates with a lawn of Escherichia coli (C600hfl; Clontech)
in 0.7% top agarose, grown overnight at 378C, and overlaid with nitrocellulose
filters for 3 min. The filters were then immersed in 1.5 M NaCl-NaOH, neutral-
ized, and washed in 33 SSC. Duplicate filters were made for each plate. The
filters were baked in a vacuum oven for 2 h at 808C. They were then prehybrid-
ized in a solution containing 50% formamide, 63 SSC, 1% SDS, 0.1% Tween 20,
and 100 mg of yeast tRNA for 3 to 5 h at 508C and hybridized in the same solution
with 0.5 3 106 to 1 3 106 cpm of 32P-labeled probe per ml at 508C for 18 to 20 h.
A final wash was done at 608C. Positive clones were subcloned into pBluescript
SK1 (Stratagene).
cDNA cloning by PCR. For 39 rapid amplification of cDNA ends (RACE),

first-strand cDNA was synthesized for 60 min at 428C and 30 min at 488C, with
1 mg of 465L poly(A)1 RNA in a buffer containing 50 mM Tris (pH 8.3), 75 mM
KCl, 3 mM MgCl2, 1 mM dithiothreitol (DTT), 1 mM each deoxynucleoside
triphosphate (dNTP), 1 U of RNasin (Promega) per ml, 10 U of Superscript II
RT (Bethesda Research Laboratories [BRL]) per ml, and 0.5 mg of a (dT)17-
adaptor primer (59GACTCGAGTCGACATCGAT1739) that contains three
cloning sites 59 of a stretch of T’s. The cDNA pool was then diluted with TE.
Then, 5 ml of the dilution of the cDNA pool was amplified by PCR under the
following conditions. Amplification was in a volume of 100 ml containing 10 mM
Tris (pH 8.5), 50 mM KCl, 3 mM MgCl2, 0.001% (wt/vol) gelatin, 0.2 mM each
dNTP, either primer A or B (0.25 mM; for a list of primers, see below), an
adaptor primer), GACTCGAGTCGACATCG, 5 ml of the diluted cDNA pool,
and 2.5 U of Amplitaq DNA polymerase (Perkin Elmer Cetus), overlaid with 50
ml of paraffin oil. All of the reaction components except the polymerase were
premixed and heated at 808C for 3 min, after which the enzyme was added and
PCR cycling was started. The first amplification cycle consisted of 948C for 5 min,
558C for 5 min, and 728C for 20 min. This was followed by 40 cycles of 948C for
40 s, 558C for 1 min, and 728C for 3 min. PCR products were analyzed by agarose
gel electrophoresis, and their specificities were evaluated by Southern blot anal-
ysis. Specific PCR products were filled in with Klenow fragment, digested by SalI,
purified on NuSieve agarose gels, and cloned into pBluescript SK1.
59 RACE was performed using a commercially available 59 RACE kit from

Clontech according to the manufacturer’s recommendations, which were based
on the SLIC procedure (19). First-strand cDNA was primed with a bic exon
2-specific primer, primer C, using 2 mg of poly(A)1 RNA isolated from the bursa
of a normal 10-week-old chicken. The cDNA pool was purified on a Geno-Bind
column (Clontech), ethanol precipitated, and ligated to a single-stranded anchor
oligonucleotide with T4 DNA ligase. The anchored products were then diluted
10-fold with 90 ml of TE, and 1 ml was used for a “hot start” PCR mixture
containing 0.2 mM concentrations of an anchor primer and an upstream bic exon
2-specific primer (primer D) in the same PCR cocktail as described above, except
that the final volume was 50 ml instead of 100 ml. Denaturation was for 45 s at
948C, annealing was for 45 s at 608C, and extension was for 2 min at 728C, for 35
cycles. PCR products were then analyzed by gel electrophoresis and Southern
blotting. To determine the structure of the larger 59 RACE product (cN59R-1),
the PCR products from the first amplification were first purified by centrifuga-
tion on GlassMAX spin columns (BRL). Then, 1/10 of the purified products was
used for reamplification with 0.25 mM concentrations of either anchor primer
and primer E under the same reaction conditions as the first amplification or
primer D and primer F under the following conditions: denaturation for 40 s at
948C, annealing for 45 s at 538C, and extension for 1 min at 728C. Resulting
products were separated on Nusieve agarose gels and cloned in pBluescript SK1.
To obtain 59 cDNAs from tumor transcripts, 1/5 of the first-strand cDNA pool

obtained from reverse transcription of tumor poly(A)1 RNA (described above)
was ethanol precipitated and resuspended in 10 ml of TE. Then 1/2 of this sample
was used in a hot-start PCR mixture containing 0.25 mM concentrations of a
RAV-2 long terminal repeat U5-specific primer (primer G) and a bic exon
2a-specific primer (primer C) in the same PCR cocktail as described above.
Denaturation was for 40 s at 948C, annealing was for 1 min at 608C, and extension
was for 1 min 30 s at 728C, for 35 cycles. Specificity of the products was evaluated
by Southern analysis with a nested bic exon 2a primer and a primer in the leader
region of RAV-2. Specific products were gel purified and cloned into pBluescript
SK1.
Sequences of the oligonucleotides used in PCR were as follows: primer A,

TTCTGCAAACAGACGCAC; primer B, GGAACACTTGCTGCATAATCAC
(intron primer); primer C, GCGTCTGTTTGCAGAACAAGCCATC; primer
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D, TGTCACATGGAGGTCTTCTCAGCGTG; primer E, CCTCTGTTTTTTT
TCCCCCTTGAG; primer F, CATGTGAGATGGAACAAAGGAAGTC; primer
G, CGTTGATTCCCTGACGACGACTACG. All primers were purified by fast
protein liquid chromatography (Pharmacia) and dissolved in TE.
Determination of allelic polymorphism using PCR. Normal muscle DNA (1

mg) from chicken 465 was subjected to PCR amplification with 0.25 mM con-
centrations of primer 1 and primer 2 (primer 1, CACTGCATACAGAGGAAA
CTATG (intron primer); primer 2, CGATTAGCATTAACAACATACAGCC)
in the same PCR cocktail as described previously. Denaturation was for 45 s at
948C, annealing was for 1 min at 548C, and extension was for 1 min at 728C, for
35 cycles. The PCR products were subcloned in pBluescript SK1.
Preparation of 32P-labeled DNA and RNA probes. Radioactive DNA probes

were generated by random priming (22). Radiolabeled RNA probes were gen-
erated by in vitro transcription from DNA cloned in pBluescript SK1. Purified
plasmids were completely linearized by the appropriate restriction enzymes. The
samples were then treated with proteinase K, extracted with phenol/chloroform,
ethanol precipitated, and resuspended in TE (pH 7.4) at a concentration of 1
mg/ml. The DNA templates were then used to generate RNA probes by in vitro
transcription using an RNA transcription kit (Stratagene). The reaction was in a
volume of 25 ml containing 40 mM Tris (pH 8.0); 8 mM MgCl2; 2 mM spermi-
dine; 50 mM NaCl; 0.25 mM each ATP, GTP, and CTP; 30 mM DTT; 20 U of
RNasin (Promega); 80 to 125 mCi of [a-32P]UTP (800 Ci/mmol; NEN); 10 U of
T3 or T7 polymerase; and 1 mg of digested DNA template. Transcription was
carried out at 378C for 30 to 45 min. The DNA template was then removed by
adding 10 U of RNase-free DNase (Stratagene) and incubating at 378C for 15
min. For RNase protection assays, radiolabeled RNA was subsequently purified
by phenol/chloroform extraction and ethanol precipitation. For Northern blots,
200 ml of RNA column buffer (10 mM Tris [pH 7.4], 1 mM EDTA, 0.1 M NaCl,
0.1% SDS, and 100 mg of tRNA per ml) was added to the reaction mixture after
DNase treatment. The mixture was then run through a G50 Sephadex (Pharma-
cia) column equilibrated with the RNA column buffer. The probe was then used
directly in Northern blots.
RNase protection assays. Total RNA (20 mg) was precipitated and resus-

pended in 30 ml of hybridization buffer (40 mM PIPES [pH 6.4], 1 mM EDTA,
0.4 M NaCl, 80% formamide) containing 150,000 cpm of RNA probe. RNA
samples were then heated at 858C for 10 min and incubated at 478C overnight.
Then, 300 ml of RNase digestion buffer (300 mM NaCl, 10 mM Tris-Cl [pH 7.4],
5 mM EDTA), containing RNase A (Sigma) and RNase T1 (BRL) at concen-
trations of 40 mg/ml and 2,400 U/ml, respectively, was added and the reaction
mixture was incubated at 348C for 1 h. RNase digestion was terminated by
incubating the reaction mixture for 30 min at 378C after addition of SDS to 0.5%
and proteinase K to 100 mg/ml. The reaction mixture was then phenol/chloro-
form extracted and precipitated with 2.5 vol of ethanol after the addition of 10
mg of carrier tRNA. The precipitate was resuspended in formamide loading
buffer, denatured at 958C for 5 min, and run on a 6% urea-acrylamide sequencing
gel as described previously (42). The gel was fixed, dried, and exposed to film at
2708C. The RNA probe used for RNase protection was generated from the
plasmid pHc-X.UE, which contains a PCR-generated partial cDNA spanning
nucleotides 183 to 335 of bic.
Sequencing reactions. Sequencing of cDNA and genomic clones was per-

formed on double-strand templates with synthetic primers. Reactions were per-
formed with a Sequenase kit, version 2.0 (U.S. Biochemicals). Both strands were
sequenced across all primer-binding sites.
Computer analysis. To search for sequencing homology, nucleotide and pep-

tide sequence databases were screened by FASTA (51) and BLAST (4) pro-
grams. Protein motifs were searched by screening the PROSITE database (GCG
software package). RNA secondary structure analysis was performed by the
FOLDRNA (74) program (GCG software package). The resulting analysis was
then displayed graphically.

RESULTS

Detection of transcripts at the bic locus. The genomic region
spanning the integration cluster was previously cloned as a
7.5-kb EcoRI tumor-specific junction fragment, p415LNC (14).
A 1.6-kb PvuII-EcoRI cellular genomic fragment (PR) of this
clone identified heterogeneous transcripts in the tumors with
proviral integrations at the bic locus (14). Since avian retrovi-
ruses tend to activate cellular proto-oncogenes by promoter
insertion (29, 69), it seems likely that the transcriptional unit,
if any, affected by the proviral insertions would be located
downstream of the integration cluster. To clone the genomic
region downstream of the integration cluster, a chicken
genomic library was screened with PR as a probe, and a 20.9-kb
BglII-BglII genomic clone, l20.9, was isolated. In order to
detect transcripts within this genomic region, smaller subclones
of l20.9 (Fig. 1a) were used as probes on Northern blots
containing poly(A)1 or total RNAs from tumor and normal

adult tissues. Three classes of transcripts were identified in this
analysis. The first was detected by using genomic fragments
isolated from the 59 portion of l20.9 (probes I and J), as well
as probes G and H from p415LNC. These probes detected
transcripts similar to those detected previously by using probe
PR (14), which were tumor specific and had different sizes in
different tumors (Fig. 1b). However, they appeared less heter-
ogeneous than previously reported. Apparently, only probes
downstream or spanning the integration site of the provirus
(G, H, I, and J for 705L; I and J for 451Sp) were able to detect
these transcripts. Interestingly, probe J was the most down-
stream genomic probe that hybridized to these transcripts. The
sizes of the transcripts and their patterns of hybridization were
consistent with their being read-through transcripts which ini-
tiated from the viral promoters and terminated within the
0.7-kb BamHI-XbaI genomic fragment J. The second class
consisted of two transcripts of about 2.6 and 1 kb, detected
initially by a 1.9-kb XbaI-BamHI genomic probe (1.9 X-B)
located further downstream of the integration cluster. Most
importantly, these two transcripts were overexpressed in tu-
mors that harbored a proviral integration at bic (465L, 705L,
and 451Sp) but were not detected in tumors which showed no
gene rearrangements at the bic locus (429L and 420L) (Fig.
1c). Transcripts of similar sizes were also detected at very low
abundances in adult chicken lymphoid tissues in Northern
blots containing poly(A)1 RNAs from a panel of normal
chicken tissues (see below). To further characterize the struc-
tures of these two transcripts, we performed Northern blotting
with smaller genomic fragments. While the shorter transcripts
hybridized only to probe A, the longer transcript hybridized to
probes A, B, C, and D (Fig. 1d), suggesting that these tran-
scripts were derived from the same gene by alternative poly-
adenylation or splicing. The third class of transcripts was ini-
tially identified as a single 1.4-kb mRNA by using a 1.8-kb SacI
genomic fragment (probe K). This transcript was apparently
not altered either quantitatively or qualitatively by proviral
integrations at bic (Fig. 1e).
Cloning of the bic gene. Since the expression of the 2.6- and

1-kb transcripts was altered by proviral integrations at the bic
locus, they most likely represent transcripts from the candidate
bic gene. The cDNA sequences for the long and short tran-
scripts of bic (bicL and bicS) were determined by both conven-
tional cDNA screening and anchored-PCR procedures (see
Materials and Methods). The structures of selected cDNAs are
shown below the restriction map of bic in Fig. 2. A cDNA
library derived from 705L (a metastatic lymphoma harboring a
bic integration) RNA and a normal chicken spleen cDNA
library were screened by using probes A, B, and C. From the
tumor cDNA library, six overlapping clones were isolated and
analyzed. Comparison of the restriction maps and sequences of
these clones with those of the corresponding genomic regions
showed that none of these represented spliced RNAs. The
longest of these clones, cT12, extended colinearily with the
genomic sequence from 100 bp downstream of the XbaI site to
282 bp downstream of the SacI site, terminating with a poly(A)
tail. Hybridization of contiguous genomic probes to the 2.6-kb
transcript (Fig. 1d) indicated that cT12 was indeed derived
from the 2.6-kb transcript. Based on RNase protection assays,
the structures of bic transcripts in tumors and normal tissues
were identical along the genomic region spanned by cT12 (data
not shown). From the normal chicken spleen cDNA library,
two positive clones, cN43.1 and cN48.1, were isolated. cN43.1
was nested within cT12. It was a 944-bp cDNA which possessed
a poly(A) tail at the same position as cT12. cN48.1 was a
243-bp cDNA which overlapped with the 59 end of cT12 and
extended 11 bp further upstream of its 59 end.
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Since no cDNA clones isolated from the standard cDNA
cloning could unambiguously represent the short 1-kb bic tran-
script, the 39 RACE procedure (24) was employed to obtain
cDNAs representing the 39 end of the 1-kb bicS transcript by
using a bic-specific primer (primer A) and an oligonucleotide
primer specific for the poly(A) tail. Sequencing of the resulting
clones of the PCR products (cT39R; Fig. 2) showed that they
were colinear with the genomic sequence and terminated with
poly(A) tails at a polyadenylation site upstream of that for
cT12 and cN43.1. This result indicates that the 1-kb transcript
is derived from alternative polyadenylation at a noncanonical
polyadenylation signal ATTAAA (73) (see Fig. 3).
The total lengths of the cDNA sequences obtained thus far

were smaller than those of the transcripts observed in North-
ern blots. Therefore, the structure of the 59 ends of the tran-
scripts was determined by 59 RACE, which generated specific

PCR products of about 560 bp (cN59R-1; Fig. 2) and 100 bp,
respectively. The smaller product was determined by Southern
hybridization to nested primers to be truncated cDNAs. Since
the larger product was not sufficient in quantity to be sub-
cloned, a second nested PCR amplification was performed by
using an upstream bic-specific primer (primer E; see Materials
and Methods) to generate enough products for cloning. This
primer was derived from the genomic sequence of probe J (Fig.
1a) and was shown to hybridize to the 560-bp product but not
the 100-bp product. Sequencing of five of the resulting sub-
clones (cN59R-2) showed that they all represented spliced
RNAs with the same splice sites and with the same 59 end. The
cDNA sequence upstream of the splice site was demonstrated
to be genuinely derived from the bic locus since restriction
fragments of expected sizes were detected in Southern analysis
with cN59R-2 as a probe. The remaining structure of cN59R-1

FIG. 1. Transcript analysis at the bic locus. (a) Restriction map of the bic locus. B, BamHI; B1, BglI; B2, BglII; H, HindIII; Hc, HincII; P, PvuII; Pt, PstI; R, EcoRI;
S, SacI; X, XbaI. (Not all restriction sites for each enzyme are shown). Each proviral integration at the bic locus in independent tumors is indicated by an arrow. 415L,
464L, 465L, and 705L, metastatic lymphomas in livers from birds 415, 464, 465, and 705. 451Sp, metastatic lymphoma in spleen from bird 451. 465Bu and 413Bu2, bursal
nodules from birds 465 and 413. l20.9 was a 20.9-kb BglII genomic clone obtained by screening a chicken genomic library by using the PR (1.6-kb PvuII-EcoRI
fragment) probe. 415LNC is a 7.5-kb EcoRI tumor-specific junction fragment cloned from 415L tumor DNA (14). The locations of probes which detected transcripts
in Northern blots (b to e) are also shown. (b) RNAs from tumors with bic integrations were hybridized to probe G (2.6-kb BglII-BglII), H (1.4-kb BglII-BglII), I (1.4-kb
EcoRI-BamHI), and J (0.7-kb BamHI-XbaI). Twenty micrograms of total RNAs was used for probes G, H, and I; 1 mg of poly(A)1 RNA was used for probe J.
Transcripts indicated by arrows are most likely read-through transcripts that retained intron 1 (see text). The signals at about 4 kb of size (unmarked) may represent
nonspecific hybridization to rRNAs. (c) Two micrograms of poly(A)1 RNAs from lymphomas carrying a proviral integration at the bic locus (1) or lacking an insertion
at bic (2) was hybridized to probe 1.9 X-B (1.9-kb XbaI-BamHI). The blot was stripped and rehybridized with a chicken actin probe. (d) One microgram of poly(A)1

RNA from 465L was hybridized to probes A (0.5-kb XbaI-HincII), B (0.4-kb HincII-PstI), C (0.6-kb PstI-BamHI), D (0.6-kb BamHI-EcoRI), E (0.9-kb EcoRI-XbaI),
and F (0.6-kb XbaI-SacI). The smear observed in lane E is most likely due to nonspecific hybridization of probe sequence to RNA. (e) Total RNAs (20 mg each) from
tumors positive (1) or negative (2) for a proviral integration at the bic locus and normal adult brain and bursa were hybridized to probe K (1.8-kb SacI-SacI).
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was then determined by PCR with a primer upstream of the
splice site (primer F) and primer D (see Materials and Meth-
ods). The use of a single splice donor and acceptor site was
further confirmed by reverse transcriptase PCR (RT-PCR)
with primers specific for sequences upstream and downstream
of the splice site. The total sizes of the cDNA clones isolated
for bicL and bicS transcripts were 2,436 and 780 bp, respec-
tively. Thus, if we assume a poly(A) tract of about 200 bp, these
cDNA sequences account for all, or essentially all, of the 2.6-
and 1-kb transcripts identified by Northern analysis.
Structure and sequence of bic. Mapping and sequence anal-

ysis of the cDNA clones showed that bic is composed of two
exons (exon 1 and exon 2) separated by an intron of about 6 kb
(Fig. 2). The two splice sites (Fig. 3) conform to consensus
sequences for splice donors and acceptors (61). The two bic
transcripts are derived by alternative polyadenylation in exon
2, resulting in a small and a large exon 2 (2a and 2b, respec-
tively). Since the more upstream polyadenylation signal is non-
canonical (ATTAAA), it would result in inefficient cleavage
(31). The complete cDNA sequence of bic is shown in Fig. 3.
The genomic sequence flanking the 59 end of the 59 RACE
clone (small letters) was obtained by sequencing the corre-
sponding region from p415LNC (14). A potential TATA box is
located 27 nucleotides upstream of the 59 end of the 59 RACE

clones. This provides further evidence that the 59 end of the
cDNA sequence is within a few nucleotides of the 59 end of the
transcripts. Comparison of the genomic sequence with the
cDNA sequence also revealed eight possible polymorphic dif-
ferences.
Computer search of the database with the bic sequence

revealed no significant homology with other known genes. In-
terestingly, there was no extensive ORF in the cDNA sequence
(Table 1). The longest ORF in exon 2a was ORF IIIA, which
was only 198 bp long. However, within this ORF, there was an
allelic polymorphic insertion in the (A) stretch which would
produce a frameshift in the coding sequence (see ORF IIIb):
comparison of the cDNA sequence with the genomic sequence
showed that while there were seven A’s in the cDNA sequence,
there were eight A’s instead in the genomic sequence. In order
to confirm that the difference in the number of A’s in the (A)
stretch was due to allelic polymorphism, genomic DNA iso-
lated from normal muscle of chicken 465 was PCR amplified,
and the resulting clones were sequenced (see Materials and
Methods). Out of seven clones, four possessed seven A’s and
three had eight A’s. Moreover, this polymorphism was linked
to a C-T polymorphic substitution within the intron, which was
located 82 bp upstream of the (A) stretch. The stretches of
seven A’s and eight A’s were associated with the intron se-

FIG. 2. Structure of the bic and bdw genes and transcripts. Boxes denote exons of the bic and bdw genes, and solid areas denote coding regions. Open arrows indicate
the orientations of the two genes. Exon 2 has two alternative polyadenylation sites, resulting in a small (2a) and large (2b) second exon. (A) Representative cDNA clones
from which the structures of the bic and bdw transcripts were delineated are shown. cT12, c1.814, and c1.822, cDNA clones obtained from a metastatic lymphoma (705L)
library; cN43.1, a cDNA clone obtained from a normal adult chicken spleen library; cT39R, a 39-RACE clone obtained from lymphoma 465L; cN59R-1 and R-2,
59-RACE clones obtained from a normal 10-week bursa. Restriction sites are designated as in Fig. 1. (B) Deduced structures of bicL, bicS, and bdw transcripts.
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quences [79 to 87 bp upstream of the (A) stretch] TTTTCT
TCT and TTTTCCTCT, respectively (data not shown). This
observation indicates that the difference in the number of A’s
in the (A) stretch is indeed due to allelic polymorphism instead
of PCR artifacts. ORF III was also preceded by a very short
ORF 4 nucleotides upstream of its translation initiation codon.
Although reinitiation may be possible, it is not expected to be
efficient because of the short intercistronic distance (36).
Therefore, this ORF is not likely to function as the coding
region. The two longer ORFs in exon 1 (ORFs I and II) both
contain a polymorphic insertion (described above) in a long
(A) stretch, which too will generate a frameshift. ORFs that
are located exclusively in exon 2b are very unlikely to be rel-
evant since they cannot be translated from the short bic tran-
script. In addition, since the chance of an ORF being trans-
lated in vivo decreases with increasing distance from the 59
terminus of the transcript, these ORFs are not likely to be
translated because of the large distance from the 59 end of the
RNA (37). This leaves three ATGORFs longer than 45 bp that
possibly code for a functional protein: ORFs V, VI, and VII.
ORF V was associated with a weak Kozak initiation sequence

(38). There was a pyrimidine (T) at the 23 position, despite
C’s at positions21,24, and25. The translation initiation sites
for both ORF VI and VII were in reasonable Kozak context
(38) by having a purine at the 23 positions. However, none of
the other positions match the optimal Kozak sequence. To
assess whether any of these ORFs, as well as the other short
ORFs, are likely to encode a protein product, we used the
GRAIL program. It uses a neural network which combines a
series of analyses to predict coding potential based on a num-
ber of parameters common to protein-coding DNA sequences
(67). This program was designed for human DNA sequences,
but it also works well with other organisms. GRAIL analysis
predicted that none of the available ORFs are likely to encode
a protein. The highest probability (0.17) was scored by a short
region in exon 2b near the 39 end of the transcript. Only
regions with scores higher than 0.5 are considered to have
coding potential. The longest ORF initiated from a CTG in the
short bic transcript potentially encodes a peptide of 39 amino
acids and overlaps with the longest ATG ORF. However, this
ORF is in a poor context for translational initiation (TACCT
CTGA) (38).

FIG. 3. Nucleotide sequence of bic. cDNA sequence is shown in uppercase letters and 59 flanking sequence in lowercase letters. Position of intron is indicated by
a vertical arrow, and sequence of the 59 and 39 ends of the intron is shown in brackets. A potential TATA box and the two polyadenylation signals are underlined. The
(A) stretch within ORF III (see text) is also underlined.
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To examine more directly whether any of these ORFs can be
translated, RNA transcripts generated in vitro from a linear-
ized plasmid containing the full-length cDNA construct for
bicS were translated in vitro by using rabbit reticulocyte lysates.
The translated products were then fractionated by using a
polyacrylamide gel designed to separate proteins of low mo-
lecular weights (59). Although some protein products were
synthesized, they appeared to be nonspecific because the sizes
of the protein products were too large to be translated from
any of the ORFs initiated with either an ATG or CTG. More-
over, these apparent products were shown not to be derived

from any of the ATG ORFs longer than 45 bp within the bicS
transcript (ORFs I to VI; see Table 1) by in vitro translations
of RNAs with the translation initiation codon of one of these
ORFs converted to TTG by site-directed mutagenesis (data
not shown).
Expression of bic in normal tissues. Expression of bic in

diverse normal adult chicken tissues was examined by both
Northern analysis and RNase protection assay. bic transcripts
(2.6 and 1 kb) were detected in Northern blots (Fig. 4a) at very
low levels in the bursa, thymus, and spleen. This lymphoid/
hematopoietic tissue specificity of expression was confirmed by
RNase protection assays using an antisense bic probe spanning
exon 1 and exon 2 (Fig. 4b). Autoradiographic exposure for 2
weeks failed to detect any protected fragments in adult tissues
other than the bursa, thymus, and spleen. Two major protected
fragments (indicated by arrows) were detected. The larger
protected fragment was presumably generated from protection
by the spliced bic transcripts. It appeared to migrate slightly
faster than expected, possibly because of enzymatic overdiges-
tions at the ends of the protected fragment. The size of the
smaller fragment implied the presence of a bic transcript that
contained exon 1 but not exon 2. This transcript possibly rep-
resented an unspliced normal cellular bic transcript which ter-
minated in intron 1 (see below). However, it has not yet been
detected in Northern analysis. Alternatively, the smaller pro-
tected fragment may be derived from hybridization of the
probe to bic pre-mRNAs.
To determine whether bic expression is developmentally reg-

ulated in lymphoid tissues, bursa, thymus, and spleen were
examined for bic expression at different stages of development.
As shown in Fig. 4c, bic was expressed at extremely low levels
in bursas of 15- and 18-day chick embryos and in bursas of
hatching chicks, but its expression became readily detectable in
bursas of 1-week-old chicks and remained relatively constant
as the animals matured. In the thymus and spleen, bic expres-
sion seemed to follow a pattern similar to that in the bursa.

FIG. 4. Expression of bic in normal chicken tissues. (a) Northern blot with poly(A)1 RNA from adult chicken tissues was hybridized to a bic cDNA (exon 1 plus
exon 2a) probe. Autoradiographic exposure was for 7 days. The blot was stripped and rehybridized to a chicken actin probe. (b) Total RNAs (20 mg) isolated from a
variety of chicken tissues were subjected to RNase protection analysis as described in Materials and Methods using 32P-labeled antisense RNA generated from
pHc-X.UE, which contains a partial cDNA insert spanning nucleotides 183 to 335 of bic. Yeast tRNA (20 mg) was used as a negative control. FP, undigested probe.
The two major protected fragments are indicated by arrows. (c) Total RNAs (20 mg) from bursas, thymuses, and spleens of chickens at different developmental stages
were subjected to RNase protection analysis as described for Fig. 4b. E15 and E18 represent 15- and 18-day embryos, respectively. Hatch is at day 21 of embryogenesis.
Wk, weeks post-hatch. Only the larger protected fragments are shown in this figure.

TABLE 1. ORFs larger than 45 bp initiated with an ATG
in the bic cDNA sequence

ORF
Positiona

Frame Amino
acids Initiator sequence

Start Stop

I 74 169 2 32 TGCTGATGC
II 82 165 1 28 CCTCAATGG
IIIAb 191 38 2 66 GTGAGATGG
IIIBb 191 344 2 52 GTGAGATGG
V 403 504 1 34 CCTACATGT
VI 425 484 2 20 GTACCATGC
VII 569 616 2 16 GTAGAATGT
VIII 776 880 2 35 TTGGCATGC
IV 1,100 1,144 2 15 TAGTCATGG
X 1,316 1,381 2 22 AATCAATGG
XI 1,399 1,446 1 16 AGGGCATGA
XII 1,748 1,864 2 39 TTCCCATGT
XIII 2,004 2,204 3 67 AAGTGATGA
XIV 2,156 2,284 2 43 TGTACATGG
XV 2,278 2,376 1 33 CACTCATGG

a The numbers refer to the nucleotide positions in the cDNA sequence (see
Fig. 3).
b ORFs IIIA and IIIB spanned the first and second exons. The first 33 amino

acids of these two ORFs were identical. Their difference in length was due to a
polymorphism which resulted in a frameshift.
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Activation of bic expression by promoter insertion.All of the
proviral integrations mapped within the bic intron, except for
that in 415L which is 59 of exon 1. Since all the proviral
integrations were in the same transcriptional orientation as bic,
it seemed likely that bic is activated by a promoter insertion
mechanism. To determine whether this was indeed the case,
RT-PCR was performed on RNA isolated from 465L with a
viral U5 primer and a bic exon 2a-specific primer. Specific PCR
products were cloned and sequenced. Sequence analysis of the
resulting subclones showed covalent linkage of the U5-leader-
gag sequence of RAV-2 with exon 2 through a splicing event
between the gag splice donor and the exon 2 splice acceptor
(cT465.R; Fig. 5), indicating that the integrated provirus acti-
vates bic expression by promoter insertion. These chimeric
transcripts in the tumors and the normal bic transcripts ap-
peared similar in size in Northern blots because exon 1 of bic
(270 bp) was replaced by the viral LTR R-U5-leader-gag se-
quences (approximately 400 bp).
The tumor-specific transcripts shown in the Northern blots

of Fig. 1b (probes G to J) were most likely read-through tran-

scripts which were initiated from the viral promoter and read
into intron 1 (TbicRT; Fig. 5). This was further supported by
the structure of the partial cDNA clone pBicB1A, which con-
tains pol sequences and intron 1 sequences at its termini (14).
Based on Northern analysis, these transcripts appeared to ter-
minate within the 0.7-kb BamHI-XbaI genomic fragment
(probe J; Fig. 1b). We wanted to characterize these transcripts
further by obtaining cDNAs for their 39 ends. 39 RACE was
employed for this purpose with a primer within the 0.7-kb
BamHI-XbaI fragment (primer B) and an oligo(dT) primer.
Two of the resulting clones (cT465.39RT) were sequenced and
shown to be colinear with the genomic sequence and to contain
poly(A) tails (Fig. 5). These two clones were identical except
that they had different poly(A) sites, which differed in position
by only 2 nucleotides. There was a canonical (AATAAA) poly-
adenylation signal 22 to 24 nucleotides upstream of these
poly(A) sites, indicating that the 39 ends of these clones gen-
uinely represent the 39 end of read-through transcripts (data
not shown). From these results, we determined that some
read-through transcripts terminated upstream of exon 2, 228 or

FIG. 5. Structure of chimeric transcripts in lymphoma 465L. In the tumor TbicS and TbicL transcripts, the 59LTR of the provirus was covalently linked to bic exon
2 through a splicing event using the gag splice donor and the bic exon 2 splice acceptor. TbicRTs were unspliced read-through transcripts initiated from the 59LTR and
contained viral sequences linked to intron 1 sequences. cT465.R, a cDNA clone derived by PCR amplification of reverse-transcribed 465L RNA using a U5-specific
primer and a bic exon 2 primer. The sequence of the virus-bic junction is indicated. T465.39RT, a 39 RACE clone obtained from 465L which represents the 39 end of
the read-through transcripts. pBic.B1A, a partial cDNA of a read-through transcript (14).
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230 nucleotides downstream of the BamHI site of the 0.7-kb
BamHI-XbaI fragment (probe J).
bic exon 2a is predicted to form extensive secondary struc-

tures. The absence of an extensive ORF suggests that bic
functions through its RNA. Since a noncoding RNA is likely to
function by virtue of its secondary structure, we attempted to
determine the RNA secondary structure of bic exon 2a by
using the base-stacking energy method of Zuker and Stiegler
(74). bic exon 2a was chosen for secondary structure analysis
since this region was present in both tumor and normal bicS
and bicL transcripts and hence would most likely mediate the
biological activity of bic. As shown in Fig. 6, bic exon 2a RNA
was predicted to form extensive secondary structures. In par-
ticular, the region between nucleotides 316 and 461 had the
potential to form a highly ordered and energetically favorable

stem structure. The potential for bic exon 2a RNA to form
substantial secondary structures provides further support that
bic indeed functions through its untranslated RNA.
Sequence, structure, and expression of bdw, a gene down-

stream of bic. The 1.8-kb SacI genomic fragment (probe K)
identified a 1.4-kb transcript, and the gene from which the
transcript was derived was designated bdw (bic downstream).
cDNAs for this gene were isolated from a library derived from
tumor 705L. From the sequences of two overlapping cDNA
clones, c1.814 and c1.822 (Fig. 3), and a genomic sequence
flanking the 59 end of c1.814 and the 39 end of c1.822, the
complete nucleotide sequence of the 1.4-kb transcript was de-
termined (Fig. 7). It encoded a putative novel protein of 345
amino acids. Comparison of the cDNA sequence with the
genomic sequence from a normal chicken revealed a base

FIG. 6. Computer-generated RNA secondary structure of bic exon 2a. RNA secondary structure of bic exon 2a was predicted by using the FOLDRNA program.
The nucleotide positions within bic exon 2a are indicated.
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difference in the coding sequence of bdw (Fig. 7). This would
result in an Ala-to-Val substitution. This base change was
confirmed to be a polymorphism rather than a somatic muta-
tion by PCR amplification of normal tissue DNA from animal
705 (from which the tumor cDNA library was derived) by using
primers flanking the base changes and sequencing the resulting
clones (data not shown).
bdw consists of 10 exons, with a transcriptional orientation

opposite to that of bic. Examination of the intron-exon bound-
aries showed consensus splice site sequences (data not shown).
bdw transcript was evident in a variety of adult chicken tissues.
The highest levels of expression were in the testis, brain, bursa,
and kidney (data not shown). bdw expression did not appear to
be altered by proviral integrations: the abundance and size of
the bdw transcripts in tumors with bic integrations were similar
to those in tumors without bic integrations and in normal adult
bursa (Fig. 1e). The transcriptional orientation of bdw relative
to the proviral integrations was not consistent with activation
of the gene by either promoter insertion or enhancer insertion
(69). These observations argue against bdw being the relevant
gene at the bic locus.

DISCUSSION

We have identified two novel genes, bic and bdw, at the bic
locus. bdw lies downstream of bic and in the opposite tran-
scriptional orientation. While the expression of bdw does not
appear to be quantitatively or qualitatively altered by the pro-
viral integrations, bic is apparently activated by a promoter
insertion mechanism, resulting in overexpression of a chimeric
virus-bic exon 2 RNA. The activation of bic by proviral inte-
grations at a common retroviral integration site in independent

B-cell lymphomas strongly implies the involvement of bic in
lymphomagenesis.
Normal bic appears to be expressed specifically in the bursa,

thymus, and spleen. Moreover, expression of bic in these lym-
phoid/hematopoietic tissues is developmentally regulated.
These observations suggest that bic is involved in normal cell
growth and/or differentiation of B and T cells and possibly cells
of the erythroid lineage. RNase protection analysis did not
detect expression of normal bic transcripts in metastatic lym-
phomas 465L and 705L (data not shown). This implies that bic
is normally silent in the bursal target cells transformed by
c-myc. Elevated and/or inappropriate expression of bic caused
by viral promoter insertion may then contribute to lym-
phomagenesis.
As proviral integrations in the bic locus are usually found in

conjunction with myc activations, bic appears to be a collabo-
rator of myc. Activation of bic appears to play a role in late
stages of tumor progression, possibly metastasis, in avian lym-
phoid leukosis, since proviral integrations at the bic locus are
found much more frequently in metastatic tumors than in
primary tumors (14). It is conceivable that bic may contribute
to metastasis in ALV-induced lymphomas by providing the
bursal tumor cells the ability to grow outside the bursal micro-
environment, possibly through inhibition of apoptosis (50).
Further experiments are required to investigate this possibility.
An interesting feature of bic is that it lacks an extensive

ORF, despite the fact that bic transcripts are both spliced and
polyadenylated. There is a remote possibility that RNA editing
or ribosomal frameshifting (21) may lengthen the ORF to be
translated in vivo. However, because of the high density of stop
codons in all three reading frames, extensive RNA editing or
multiple ribosomal frameshifts would be required to substan-

FIG. 7. DNA sequence and predicted polypeptide sequence of bdw. Nucleotide sequence derived from cDNA clones is shown in capitals. The genomic sequence
flanking the 59 and 39 ends of the cDNA sequence is indicated in lowercase. The positions of introns are indicated by arrows. The start point of transcription is not
known. The consensus polyadenylation signal, as well as a potential TATA box and putative CAAT box, are underlined. The base polymorphism (position 1290) is
shown in boldface type.
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tially lengthen the ORF. The lack of an extensive ORF in bic
raises the possibility that it is a nonfunctional pseudogene.
However, bic cannot be a processed pseudogene because of the
presence of an intron and the lack of direct repeats at the 59
and 39 ends. Although we failed to demonstrate evolutionary
conservation of bic in zoo blots using DNAs from Drosophila,
mouse, and human, Southern analysis under low stringency
conditions did not detect any related sequences of bic in chick-
ens (data not shown). Most importantly, the expression of bic
is tissue specific and developmentally regulated, demonstrating
a delicate control for bic expression. Therefore, it is highly
unlikely that bic is an unprocessed pseudogene.
Available data from the characterization of two mammalian

genes, H19 and Xist, provide support that bic may function
through its RNA. Both of these genes share with bic the special
feature of having no extensive ORFs. Comparison of the se-
quences of the mouse and human homologs of each of these
genes demonstrated that, despite the extensive conservation
throughout the entire gene, none of the small ORFs are con-
served between these two species (7–9), implying that neither
of these genes is likely to encode a functional protein. More-
over, the localization of transcripts of these two genes is in-
compatible with their being translated. Cell fractionation stud-
ies showed that H19 is not associated with polysomes in the
cytoplasm (7). Fluorescence in situ hybridization and cell frac-
tionation studies also demonstrated localization of Xist RNAs
within the nucleus (8, 9). This lack of association with the
translational machinery of the cell strongly suggests that H19
and Xist produce functional untranslated RNAs.
There is growing evidence that untranslated RNAs can have

important biological functions. Ectopic expression of the H19
gene resulted in prenatal lethality (10), suggesting that H19
may play a role in mammalian development. The Xist RNA is
involved in X-chromosome inactivation (8, 9, 32, 44, 52, 54, 57,
58), possibly as a component in a nonchromatin nuclear struc-
ture that associates specifically with the inactive X chromo-
some (13). Moreover, recent data have emerged which showed
that untranslated RNAs can play a role in cell growth and
differentiation, as well as transformation and oncogenesis. The
human H19 gene, when transfected into embryonal tumor
lines, caused growth inhibition and morphological changes.
Moreover, clonogenicity in soft agar and tumorigenicity in
nude mice were abrogated in one of the transfectants (25),
indicating that H19 can function as a tumor suppressor. Dis-
ruption of normal imprinting of the H19 gene may contribute
to tumorigenesis (18, 30, 33, 65, 68). Furthermore, genetic
complementation studies revealed the ability of the 39 untrans-
lated regions (39 UTR) of a-actin, tropomyosin, and troponin
I to partially complement the mutant phenotype of a nondif-
ferentiating myogenic cell line, NMU2. These UTRs, particu-
larly the 39 UTR of tropomyosin, are capable of promoting
expression of differentiation-specific genes in myogenic cell
lines (55). The 39 UTR of tropomyosin can also function as a
tumor suppressor (56). Constitutive expression of a 0.2-kb
RNA from the 39 UTR of tropomyosin suppressed anchorage-
independent growth and tumor formation by NMU2 cells. The
recent isolation of a novel gene, His-1, from a common retro-
viral insertion site in murine leukemia virus-induced myeloid
leukemia (5) gives further support that untranslated RNAs can
control cell growth. The isolation of bic provides yet another
example of the possible involvement of untranslated RNAs in
oncogenesis. Importantly, this is also the first time that an
untranslated RNA has been implicated in the pathogenesis of
lymphomas.
Very recently, it has been demonstrated that the 39 UTR of

human a-tropomyosin RNA can activate the double-stranded

RNA-dependent protein kinase PKR to inhibit translation in
vitro (17), suggesting that its tumor suppressor activity may be
mediated through PKR. There is growing evidence that PKR
plays a role in normal cell growth and/or differentiation (35,
46), possibly by regulating gene transcription (34, 39) and/or
inhibiting translation (43, 53). Double-stranded RNAs have
been demonstrated to bind and regulate the activity of PKR
(12, 43). Interestingly, the computer-predicted secondary
structure of bic exon 2a RNA was notable for its double-
stranded regions, which included an extended highly ordered
duplex stem structure. This observation, together with the pos-
sible role of PKR in cell growth and/or differentiation and the
discovery of in vitro activation of PKR by the 39 UTR of
a-tropomyosin RNA, raise the possibility that the potential
biological function(s) of bic is mediated through PKR. Further
experiments are necessary to test this hypothesis.
The identification of bic as a target for insertional mutagen-

esis in avian B-cell lymphomas strongly suggests that bic is
involved in lymphomagenesis. Studies on H19 and the 39 UTR
of tropomyosin have shown that noncoding RNAs can act as
tumor suppressors. The data presented here, as well as the
discovery of His-1, make it likely that untranslated RNAs can
contribute to oncogenesis. Moreover, our studies suggest that
atypical RNAs like bic may represent a novel class of myc
collaborators. Nevertheless, we cannot completely rule out the
possibility that bic may encode a small peptide. For instance,
the Drosophila heat shock gene, hsrw, has been proposed to
encode a protein of only 27 amino acids (23). We have at-
tempted to demonstrate directly the transforming potential of
bic and its possible oncogenic cooperation with myc, both in
vitro and in vivo, by using retroviral vectors to express bic (with
or without c-myc) in cultured cells and in animals. Collabora-
tion between c-myc and bic in oncogenesis is evident in these
experiments. In vitro, bic enhanced growth and morphological
transformation of chicken embryo fibroblasts constitutively ex-
pressing c-myc. Most importantly, chicken oncogenicity assays
showed that while bic does not appear to be oncogenic by itself,
it can cooperate with c-myc in lymphomagenesis and erythro-
leukemogenesis (64). We are also trying to use these biological
assays to further characterize the biological product of bic.
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